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ABSTRACT 


The  J- integral  crack  growth  resistance  properties  of  HY-130 
steel  were  developed  under  dynamic  loading  conditions.  The  objective 
of  this  program  was  to  extend  the  key  curve  method  to  evaluate  ductile 
fracture  properties  of  HY-130  steel  compact  specimens  where  the 
loading  rate  produced  a  load-line  crack-opening  displacement  rate  on 
the  order  of  9-inches  per  second.  A  key  curve  for  HY-130  plate  was 
developed  under  dynamic  loading  conditions  using  subsized  compact 
specimens  and  was  applied  to  tests  of  1TCT  specimens.  Results  of  am¬ 
bient  temperature  tests  showed  that  both  7/c  and  the  tearing  modulus 
of  this  steel  were  substantially  elevated  under  dynamic  loading.  The 
fracture  process  of  specimens  tested  under  dynamic  and  static  loading 
conditions  was  found  to  be  similar  and  completely  ductile. 


ADMINISTRATIVE  INFORMATION 

This  report  was  prepared  as  part  of  the  Surface  Ship  and  Craft  Materials  Technology  Block  Program 
under  the  sponsorship  of  Dr.  H.H.  Vanderveldt,  Naval  Sea  Systems  Command  (SEA  05R15).  The  effort  was 
supervised  by  Mr.  John  P.  Gudas  at  this  Center  under  Program  Element  62761N,  Task  Area  SF-61-541-592, 
Work  Unit  1-2803-161.  This  report  satisfies  Milestone  HQ  1.6/1  from  the  July  1980  Surface  Ship  and  Craft 
Block  Plan. 


INTRODUCTION 


BACKGROUND 

During  the  past  several  years,  efforts  in  the  area  of  quantitative  elastic-plastic  fracture  mechanics  have 
centered  on  the  J-integral  methods  introduced  by  Rice, 1  *  and  the  //c  parameter  and  J/-R  curve  introduced 
by  Landes  and  Begley2  and  Paris.3  A  proposed  standard  method  for  determination  of  the  7/c  parameter  is 
nearing  adoption  by  the  American  Society  for  Testing  and  Materials4  which  will  enhance  utilization  of  the 
concepts  in  advanced  analyses.  Many  questions  remain,  however,  concerning  the  meaning  and  application  of 
the  J/-R  curve  beyond  the  point  of  crack  initiation.  Recent  work  by  Paris,  et  al,5  and  by  Joyce  and  Vassilaros6 
has  shown  that  the  tearing  modulus,  which  is  related  to  the  slope  of  the  JrR  curve,  can  be  used  to  predict  the 
onset  of  ductile  tearing  instability  in  laboratory  specimens  tested  in  compliant  test  machines.  Experimental 
studies  to  evaluate  the  specimen  geometry  dependence  of  the  ]t-R  curve  have  been  completed  by  Gudas, 


"A  complete  list  of  references  appears  on  page  25. 


et  al,7  and  Vassilaros,  et  al,8  and  have  shown  the  tearing  modulus  to  be  nearly  independent  of  specimen 
geometry  in  side-grooved  compact  specimens  of  HY-13Q  and  A533B  steels.  When  side  grooves  are  not 
present,  however,  and  craclc  tunneling  occurs,  the  tearing  modulus  can  be  increased  by  20%  to  50%  in 
comparison  with  side-grooved  specimens  of  the  identical  material. 

Equally  as  important  as  the  effect  of  geometry  on  //c  and  the  JrR  curve  is  the  effect  of  loading  rate. 
The  basic  methods  used  to  date  to  evaluate  the  J/-R  curve  have  been  the  multispecimen  method  of  Landes  and 
Begley2  and  the  unloading  compliance  method  of  Clarke,  et  al.9  Neither  of  these  methods  is  readily  adaptable 
to  dynamic  testing.  Studies  have  been  conducted  at  rapid  loading  rates,10'12  but  primarily  to  define  7/c  and 
not  to  determine  the  shape  of  the  JfR  curve. 

A  method  of  JfR  curve  determination  which  is  readily  adaptable  to  high  rate  testing  is  the  "key 
curve"  function  method  or  calibration  function  method  introduced  by  Ernst,  et  al,13  and  applied  by  Joyce,  et 
al,14  to  static  tests  on  HY-130.  The  key  curve  analysis  technique  is  used  to  obtain  the  //-/?  curve  of  an  elastic- 
plastic  material  directly  from  the  load  versus  crack-opening  displacement  ( COD)  *  record  without  use  of 
ancillary  methods  of  crack  length  determination.  The  method  does  require  a  key  curve  function  for  the 
particular  specimen  geometry,  material,  and  test  rate  which  is  empirically  determined. 


SCOPE 


The  objective  of  this  task  was  to  utilize  the  key  curve  method  to  determine  JrR  curves  for  HY  - 130  compact 
specimens  at  a  loading  rate  which  produced  a  crack  opening  rate  of  9  ips  at  the  specimen  load  line  and 
to  evaluate  the  effect  of  this  rate  increase  on  the  /;c  parameter  and  on  the  shape  of  the  JrR  curve  for  an 
HY-130  steel.  To  accomplish  this,  compact  specimens  of  an  HY-130  plate,  for  which  extensive  static  ]rR  curve 
data  were  available,  were  tested  in  a  fast-acting  servo  hydraulic  test  machine.  Load-displacement  data  were 
taken  by  a  high  precision,  digital  oscilliscope  interfaced  with  a  minicomputer.  These  data  were  then  analyzed 
using  the  method  of  Joyce,  et  al,14  to  produce  dynamic  J/-R  curves  for  comparison  with  the  static  results. 

Prior  to  a  description  of  the  experimental  work,  the  principles  of  the  key  curve  method,  computational 
procedures,  and  its  application  in  determining  the  JrR  curve  in  static  tests  are  described. 


KEY  CURVE  ANALYSIS 


A  key  curve  function  as  introduced  by  Ernst,  et  al,13  represents  a  load-displacement  relationship  for  a 
particular  specimen  type  in  the  form: 

‘Definitions  of  abbreviations  used  are  given  on  page  vi. 
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PW 

Bb 2 


(= 


w  w  w  w 


— -•  —  material  properties  ) 


(1) 


where: 

P  =  Applied  load 
W  =  Specimen  width 
A  =  Total  load-line  COD 
B  =  Specimen  thickness 
H  =  Specimen  height 

b  -  W-a  =  Specimen  uncracked  ligament 
a  =  Crack  length. 


The  fact  that  such  a  relationship  does  exist  for  simple  geometries  in  which  the  plasticity  is  confined  to 
the  uncracked  ligament  region  was  shown  by  Rice.15  If  an  investigation  is  conducted  with  specimens  of  the 
same  ma  erial  machined  to  be  geometrically  similar,  only  three  of  the  variables  are  present  in  the  function: 


PW  _  _  /_A_  _a_\ 
Bb2  1  W  w)  ' 


(2) 


The  premise  for  the  key  curve  analysis  is  that  load-displacement  records  for  geometrically  similar  specimens 
of  the  same  material  with  identical  crack  ligament  ( a/W }  ratios  will  trace  identical  lines  when  plotting 
normalized  load  {PW/Bb2)  as  a  function  of  A /W,  up  to  the  point  of  crack  initiation.  A  specimen  in  which 
crack  extension  occurred  would  then  fall  below  an  uncracked  specimen  (in  normalized  load,  PW/Bb2)  at  a 
given  value  of  A/W. 


KEY  CURVE  FUNCTION  FILE 

A  key  curve  function  may  be  obtained  experimentally  by  loading  and  recording  crack-opening 
displacement  for  a  series  of  identical  CT  specimens  with  a  range  of  crack  lengths.  The  load -displacement 
records  are  useful  only  up  to  the  A/W  value  for  crack  initiation.  These  load-displacement  records  are  then 
smoothed  and  assembled  in  a  key  curve  file  as  an  approximate  representation  of  the  function  of  Equation  (2). 
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A  key  curve  obtained  experimentally  in  static  tests  of  HY-130  and  reported  by  Joyce,  et  al,u  is  shown 
in  Figure  1.  This  function  can  be  taken  to  represent  the  load-displacement  behavior  of  all  geometrically 
similar  compact  specimens  of  this  material  of  any  crack  length  ratio.  If  no  crack  extension  were  to  occur,  a 
lead-displacement  record  for  a  particular  specimen  would  exist  at  the  cross  section  given  by  the  specimen's 
original  a/W  ratio.  If  crack  extension  occurred,  the  true  load-displacement  record  would  shift  across  the  key 
curve  surface  in  a  more  complex  manner. 


J.-R  CURVE  ANALYSIS 


Once  the  experimental  key  curve  file  is  established,  J/-R  curves  may  be  obtained  from  single¬ 
specimen  tests  by  the  following  analysis  of  Ernst,  et  al.;3  Assuming  that  deformation  plasticity  theory  is 
applicable,  the  formula  for  the  path  independent  I-inteo'-al;  is  given  by: 


J  = 


-dP—) 
3  (a/W) A  / 


dA. 


(3) 


Substituting  for  P  from  Eguation  (2)  into  Equation  (3)  gives  J  as: 


J  = 


Jo  \  W2  a  {a/W) 


2b 

w 


dA. 


(4) 


The  differential  of  ]  can  be  written  as 


,,  a/  aj  , 

dj  =  —  dA  +  -  da. 

3  A  da 


(5) 


Now.  evaluating  from  Equation  (4)  the  terms  of  Equation  (5),  and  substituting  in  Equation  (5)  gives: 


dJ 


2 b  .]dA 

W 2  a  {a/W)  l 


r  2b 

[~W 


4b  9  Pi 


3  (a/W) 


d  A 


/ 


d2Ft 


O  a  (a/W)2 


] 


dA  da. 


(6) 
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This  differential  expression  can  now  be  reintegrated  along  any  convenient  path  in  the  a/W  -  A /W  space  to 
obtain  J,  at  least  if  the  partial  derivatives  3  Fi/3  (a/W)  and  3  2  F\  /  3  (a/W)2,  and  the  differential  crack 
extension,  da,  are  somehow  available.  To  obtain  an  expression  for  differential  crack  extension,  Ernst,  et  al,13 
take  the  differential  of  Equation  (1)  with  A /W  and  a/W  as  variables  to  give: 

3P  3P 

dP  =  —  d A  +  da.  (7) 

3  A  3  a 


Evaluating  the  coefficients  in  terms  of  F t  gives 


b2  3  Fx  r  b2  3  Fx 

W2  3  (A/W)  liv!  9  (a/W) 


(8) 


Solving  for  da  gives 


da 


b2  3  Ft 
W2  3  (A/W) 
2b  ,  b2 
W  1  "  W2 


dH-dP 

3  >, 

3  (o/W) 


(9) 


Ji-B  curves  may  be  obtained  from  a  single  specimen  test  load-displacement  record  and  the  key  curve  file 
assembled  from  geometrically  similar  specimens  of  the  same  material  by  numerical  methods.  Incremental 
computation  of  Equations  (6)  and  (9)  for  /,  (corrected  for  crack  extension14)  and  crack  extension,  respectively, 
is  required.  Terms  involving  F\  or  dP  are  evaluated  from  the  single-specimen  load-displacement  record,  while 
terms  involving  derivatives  of  Ft  are  obtained  from  the  key  curve  file. 


COMPUTATIONAL  PROCEDURES 


To  obtain  I \-R  curves  directly  from  the  load-displacement  curves,  discrete  versions  of  Equations  (6) 
and  (9)  were  written, 


, r  _  r  2b  _  b2  f 

n  =  [  w  F'n  w2  \ 

n  n 

+  [--2-  ZFh 

L  i  =  l 


<JA,  + 


-5-  i  (  >!f‘  .)' 

W1  ,  =  i  \  3  (o/W)2  /,  J 


T^r);  ]  '*■ 

— (— t2i— )' 


w2 


3  (O/W)  , 


(10) 
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do. 


b- 

W- 

2b 
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V  a  (b/W)  ) „ 


dAn  -  6Pn 


b2  /  3  F i  \  * 

w2  \  a  (o/w)  ) „ 


(ii) 


At  each  point,  m,  on  the  load -displacement  record  of  a  specimen,  the  total  /  and  A  o  are: 


m 


/  =  I 

n  = 

6Jn 

1 

(12) 

m 

A  a  =  X 

n  - 

6an. 

1 

(13) 

In  Equations  (10)  and  (11)  the  terms  without  asterisks  are  evaluated  from  the  specimen  load-displacement 
curve.  The  terms  with  asterisks  were  evaluated  from  the  F{  key  curve  file.  A  computer  program  was  written 
which  evaluated  Equations  (10)  through  (13),  generating  for  each  point  on  the  digital  load-displacement 
record  of  each  specimen  a  pair;  A  a,  J;  on  a  //-/?  Curve  for  the  specimen.  Each  point,  n,  of  the  load- 
displacement  record  gives  F\  and  6Pn  directly.  The  measured  crack  length,  obtained  by  a  heat  tint,  9-point 
average  measurement  after  testing,  and  the  A/W  at  each  point  of  the  load-displacement  record  locates  a 
position  on  the  F\  key  curve  function  for  the  material  (see  Figure  1).  Numerical  differentiation  techniques  are 
used  about  this  point  to  determine 


/  f_£i  \  *  and  /  d  F |  \  * 

V  a  (a/W)  )n  U  (A/W)  /  „  ' 


(14) 


These  values  give  6an  from  Equation  (11)  and  subsequently  d/„  from  Equation  (10).  Summations  of  these 
quantities  using  Equations  (12)  and  (13)  give  running  totals  of  /and  Ao.  Performing  these  computations  for 
complete  load -displacement  records  for  individual  specimens  results  in  the  individual  //-/?  curves  for  those 
specimens. 


CRACK  GROWTH  CORRECTIONS 


In  the  previous  work  by  Joyce,  et  al.M  Equations  (6)  and  (9)  were  used  along  with  the  key  curve  file  of 
Figure  1  to  obtain  Jj-R  curves  for  statically  loaded  compact  specimens  of  HY-130  steel.  One  of  the  obiectives 
of  this  early  key  curve  work  was  to  assess  the  magnitude  of  the  effect  on  /  of  crack  extension,  since  it  was 
recognized  at  that  time  that  the  key  curve  analysis  did  include  crack  growth  corrections.  It  was  determined 

i 


6 


that  crack  growth  does  have  a  large  effect  on  /,  and  accurate  crack  growth  corrections  are  essential  for  the 
development  of  meaningful  ]t-R  curves.  The  recent  work  of  Ernst,  et  al,16  has  provided  a  methodology  for 
correcting  standard  unloading  compliance  results.  The  Ernst  equation  for  corrected  /  is: 

hi  ♦  1)  *  I h  +  (r|/£),  A‘-d  — 1  (1  -  (y/b),  (a,  +  I  -  a,)),  (15) 

where: 

rj  =  2  +  (0.522)  b/W 
r  =  1  +  0.76  b/W 

Bn  =  Net  specimen  thickness  at  the  side-groove  root 

A,  ,  .  !  =  Area  under  load  versus  load  point  displacement  record  between  lines  of  constant  displace¬ 
ment  at  points  i  and  j  +  1 . 

Application  of  Equation  (15)  to  results  previously  reported  by  Gudas,  et  al,7  showed  that  this 
expression  yields  //-/?  curves  which  are  in  close  agreement  with  key  curve  results. 

The  static  JrR  curves  for  HY-130  developed  by  key  curve11  and  unloading  compliance  tests7  are  compared  in 
Figure  2.  In  Figure  2,  the  results  for  the  unloading  compliance  test  are  shown  as  calculated  using  the  Merkle- 
Corten17  analysis  and  using  the  Ernst16  analysis  (i.e.,  Equation  (15)).  Similar  results14  demonstrated  the  need 
for  crack  growth  corrections  to  the  J-integral  calculation  and  led  to  the  development  of  Equation  (15). 

The  agreement  between  the  test  methods  in  developing  JrR  curves  for  HY-130,  as  shown  in  Figure  2, 
demonstrates  the  equivalency  of  the  methods.  Recent  key  curve  test  results  developed  for  ASTM  A533B  steel18 
also  support  the  use  of  the  key  curve  method  to  determine  JrR  curves  directly  from  load-displacement 
records . 

EXPERIMENTAL  PROCEDURE 

The  experimental  phase  of  this  task  involved  testing  a  series  of  HY-130  compact  specimens  at  a  load- 
line  COD  rate  of  9  ips.  Load -displacement  curves  from  these  specimens  were  then  analyzed  by  the  key  curve 
analysis  technique  to  develop  J/-R  curves.  A  key  curve  function  was  developed  experimentally  from  high¬ 
speed  tests  on  a  series  of  half -scale  compact  specimens  of  the  same  material  containing  a  range  of  crack 
lengths. 
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MATERIAL 


One-inch -thick  (25.4-mm)  HY-130  plate  was  used  for  all  tests.  The  chemical  composition  of  the  plate  is 
described  in  Table  1  and  the  mechanical  properties  are  presented  in  Table  2.  This  was  the  same  plate  used  in 
the  static  key  curve  analysis13  and  for  which  Jj-R  cm  vts  were  determined  by  the  unloading  compliance 
method.6 


TABLE  1  -  CHEMICAL  COMPOSITION  OF  HY-130  STEEL 


Center 

Code 

C 

Ni 

Cr 

mm 

s 

Cu 

A1 

Co 

Ti 

FKS 

0.11 

0.03 

5.00 

0.42 

TABLE  2  -  TENSILE  MECHANICAL  PROPERTIES  OF  HY-130  STEEL 


°YS 

Yield  Strength 

0.2°/o  Offset 
(ksi  (MPa)) 

°UTS 

Ultimate  Tensile 
Strength 
(ksi  (MPa)) 

Elongation 

in 

2-In. 

(%) 

Reduction 
of  Area 

(%) 

FKS 

136  (937) 

142  (978) 

21 

55 

TEST  METHODS 

The  key  curve  method  requires  two  sizes  of  geometrically  similar  specimens  and  for  this  task  1 TCT 
(nominally  1  in.  (25.4mm)  thick)  and  1/2 TCT  (nominally  1/2  in.  (12.7mm)  thick)  specimens  were  used.  1  TCT 
and  1/2 TCT  specimens  were  machined  as  shown  in  Figures  3  and  4,  respectively.  The  1/2 TCT  specimen  is 
onehalf  the  scale  of  the  1  TCT  specimens  except  that  integral  knife  edges  at  the  load-line  were  used  on  the 
smaller  specimens  to  accommodate  a  clip-gage  extensometer  instead  of  the  screw -fastened  razor  blades  used 
on  the  larger  specimens.  The  crack-starter  notches  were  placed  in  the  T-L  orientation.  All  tests  were 
conducted  at  ambient  temperature  in  a  high-speed  servo  hydraulic  test  machine  capable  of  ram  velocities  of  9 
ips. 

The  specimens  were  fatigue  precracked  according  to  the  ASTM  proposed  standard  method  for  J/c 
testing  with 

Pma*<\PL,  06) 
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where  Pi  is  the  specimen  limit  load  given  for  compact  specimens4  as: 

p  _  Bb2 o0 

L  ~  (2  W  +  a) 


where: 

oa  =  - — - — — (Table  2)  =  flow  stress. 


(17) 


Precrack  lengths  for  ViTCT specimens  were  varied  from  a/W  =  0.51  to  a/W  =  0.88;  those  for  the  1 TCT 
specimens  varied  from  a/W  =  0.65  to  a/W  =  0.80.  After  precracking,  face  grooves  were  machined  along  the 
crack  line  to  a  total  section  reduction  of  20%  with  a  standard  Charpy  V -notch  ( CVN )  cutter  (45°  included 
angle,  0.010-in.  (0.254-mm)  root  radius). 

The  specimens  were  then  loaded  at  the  maximum  extension  rate  in  the  test  machine  using  a  5000- lb 
load  cell.  Load  versus  load-line  displacement  records  were  obtained  using  a  high-speed  digital  oscilliscope 
interfaced  with  a  minicomputer.  A  schematic  of  the  test  apparatus  and  data  acquisition  system  is  shown  in 
Figure  5.  Identical  tests  were  then  performed  on  a  series  of  1  TCT  specimens  with  the  same  apparatus  except 
that  a  20,000-lb  load  cell  was  used.  All  load  versus  load-line  displacement  records  were  stored  on  magnetic 
tape  for  subsequent  key  curve  analysis.  All  tests  were  conducted  at  ambient  laboratory  temperature. 

After  the  tests  had  been  completed,  the  specimens  were  heat-tinted  at  370°C  (700°  F)  for  30  minutes  to 
mark  the  final  crack  extension.  The  specimens  were  then  fractured  at  liquid  nitrogen  temperature  to  complete 
separation.  The  fatigue  precrack  length  and  final  crack  extension  were  measured  at  nine  equally  spaced 
points  across  the  crack  surface  excluding  the  edges. 


RESULTS  AND  DISCUSSION 

The  key  curve  function  for  HY-130  in  this  study  was  obtained  from  the  rapid  load  versus  COD  records 
of  the  ViTCT  specimens  with  crack  length  ratios  ranging  from  a/W  =  0.51  to  a/W  =  0.88.  The  load- 
displacement  records  up  to  the  A/W  value  lor  crack  initiation  (at  maximum  load  for  these  specimens)  were 
smoothed  and  assembled  in  a  key  curve  file.  The  key  curve  file  that  resulted  from  the  dynamic  loading  is 
shown  in  Figure  6.  This  file  represented  approximately  4000  triples  of  PW/Bb2,  a/W,  and  A/W  assembled  in  a 
single  file  so  that  the  quantities  needed  to  evaluate  Equations  (6)  and  (9)  could  be  obtained  using  methods  of 
numerical  analysis.  This  key  curve  file  is  different  than  that  shown  for  static  loading  in  Figure  1  in  that  it  is 
elevated  in  load  ( PW/Bb 2  scale)  due  to  the  high  loading  rate.  Representative  load-displacement  curves  for 
the  1  TCT  specimens  are  shown  in  Figure  7. 
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The  Jj-R  curves  obtained  from  1  TCT  specimens  of  varying  crack  lengths  are  shown  in  Figure  8.  This 
figure  also  includes  the  measured  final  crack  extension  for  three  of  the  specimens.  The  measured  final  crack 
extension  for  Specimen  FKS  S20  was  not  included  because  its  load-displacement  curve  extended  beyond  the 
range  of  A/  W  to  which  the  key  curve  file  of  Figure  6  is  applicable.  The  predicted  crack  extension  agreed  very 
well  with  that  measured  for  two  specimens,  with  the  third  showing  a  20%  shortfall  of  the  estimated  value. 
Taken  together,  the  results  shown  in  Figure  8  define  t he  J/-R  curve  for  the  test  material  at  the  dynamic  loading 
rate.  Figure  9  shows  a  comparison  of  the  dynamic  }rR  curves  and  the  previously  reported  results  of  Gudas,  et 
al.5  for  the  same  HY-130  plate.  The  static  results  are  corrected  for  crack  growth  according  to  Equation  (15). 
Table  3  summarizes  the  J;-R  curve  parameters  from  the  dynamic  tests  including  values  of  the  Pans  material 
tearing  modulus5  defined  as: 


1  MAT 


d] 

da 


(18) 


TABLE  3  -  SUMMARY  OF  J,-R  CURVE  PARAMETERS  FROM  DYNAMIC  FRACTURE  TESTS 


Specimen 

No. 

Cracked 

Ligament 

Ratio 

a/W 

lie 

(in-lb/in2) 

Tearing 

Modulus 

Tmat 

FKS  S20 

0.65 

1140 

40.0 

FKS  525 

0.66 

1321 

28.1 

FKS  SI 

0.76 

1533 

27.9 

FKS  S16 

0.80 

1248 

26.7 

Notes.  ITCT  Specimens  ■  20%  side  groove.  Load-line  COD  rate  •  9  ips. 

where  E  =  Modulus  of  Elasticity  =  29  x  106  psi. 

For  ITCT  specimens,  J/c  values  were  computed  from  the  intersection  of  the  crack-opening  stretch  line 
(/  =  2ay  ’  Aa)  with  the  least  squares  fit  of  data  points  which  fell  at  least  0.006  in.  (0.15mm)  beyond  the 
blunting  line  and  did  not  exceed  0.06  in.  (1.5  mm)  in  crack  growth  from  that  point.  Tearing  moduli  were 
calculated  using  the  same  ranqe  of  crack  extension.  The  ]rR  curve  parameters  for  HY-130  from  static7  19  and 
dynamic  tests  are  compared  in  Table  4.  Jjc  values  are  calculated  here  according  to  the  method  of  Clarke,  et 
a),4  to  be  incorporated  in  the  proposed  ASTM  Standard  Method. 
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TABLE  4  -  COMPARISON  OF  HY-130  JrR  CURVE  PARAMETERS  FROM 
STATIC  AND  DYNAMIC  FRACTURE  TESTS 


Reference 

19 

Load-Line 

COD 

Rate 

(ips) 

Side 

Groove 

(%) 

Cracked 

Ligament 

Ratio 

a/W 

Average 

lie 

(in-lb/in2) 

Average 

Tearing 

Modulus 

Tmat 

1.6  x  10-4 

0 

0.55 

0.70 

0.80 

825 

902 

819 

19 

19 

28 

12.5 

0.55 

0.70 

0.80 

824 

847 

820 

12 

12 

11 

25 

0.70 

0.80 

771 

845 

12 

14 

Present 

Investigation 

9 

20 

0.65 

0.75 

0.80 

1230 

1533 

1248 

34 

28 

27 

The  results  displayed  in  Figure  9  and  in  Table  4  show  that  the  JrR  curve  parameters  for  the  dynamic 
tests  are  elevated  by  50%  to  100%  above  those  of  the  static  tests.  Also  note  that  the  tearing  modulus  values 
are  increased  by  a  factor  of  about  two  over  those  of  the  side-grooved  specimens  tested  at  a  slow  rate.  Previous 
work  by  Gudas,  et  al,7  19  has  shown  that  7/c  and  tearing  modulus  for  HY-130,  ASTM  A533B,  ASTM  A516 
Grade  70.  and  HY-80  were  not  a  function  of  side-groove  depth  beyond  an  amount  sufficient  to  produce 
straight,  planar  crack  extension  and  conservative  ]rR  curves.  The  difference  in  the  static  and  dynamic 
measurement  of  the  parameters  he  and  tearing  modulus  shown  in  Table  4  is  a  material  rate  effect  and  not  due 
to  the  minor  difference  in  side  grooves.  Because  of  the  compliance  of  the  test  machine  and  specimen  gripping 
fixtures,  the  COD  rate  was  not  constant  during  the  test.  Figure  10  is  a  plot  of  typical  COD  rate  obtained  by 
taking  the  slope  of  the  best -fit  straight  line  fit  to  15  COD  values  over  300-(isec  intervals  over  the  course  of  the 
test.  During  the  rising  load  portion  of  the  test,  the  crack-opening  displacement  was  approximately  3  ips. 
During  the  falling  load  portion,  the  displacement  rate  was  much  less  stable  but  averaged  9  ips.  Figure  11  shows 
how  the  time  derivative  of  /,  dj/di,  varied  as  a  function  of  crack -opening  displacement  in  a  typical  test.  The 
maximum  value  of  dj/dt  occurred  at  about  the  7/c  point  with  a  crack -opening  displacement  of  0.050  in.  (1.27 
mm)  and  then  dj/dt  fell  as  crack  extension  took  place  Figure  12  shows  the  rate  of  applied  /  versus  time  for 
the  same  test,  and  that  the  maximum  dj/dt  value  occurred  in  about  0.015  sec  with  this  loading  apparatus.  The 
crack  extension  portion  of  the  test  had  a  duration  of  0.007  sec  during  which  0.2  in.  (5.08  mm)  of  crack 
extension  occurred. 
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An  estimate  cl  the  crack  growth  rate  was  obtained  by  an  iterated  numerical  differentiation  technique 
using  the  crack  extension  values  over  400-^sec  intervals  during  the  course  of  th  ;  test.  Results  for  the 
preceeding  example  are  shown  in  Figure  13.  Crack  velocities  appear  to  vary  widely  but  are  on  the  order  of  5 
to  50  ips  for  these  tests.  The  maximum  crack  growth  rate  occurred  during  the  initial  region  of  load  drop  just 
beyond  the  maximum  load  point.  The  crack  growth  rate  then  decreased  with  crack  extension  corresponding  to 
the  decrease  noted  previously  in  d]/dt. 

The  macroscopic  fracture  path  of  the  dynamically  loaded  specimens  appeared  very  similar  to  that  of 
the  static  test  specimens.  Specifically,  the  degree  of  crack  tunneling  and  the  geometry  of  the  shear  lips  were 
identical  on  the  specimens  tested  at  both  rates.  Scanning  electron  microscope  fractography  at  40X  and  400X 
showed  that  the  crack  extension  was  completely  ductile  regardless  of  the  test  rate.  A  small  initial  stretch  zone 
or  crack  tip  blunting  region  was  present  on  all  specimens  of  approximately  30  \im,  after  which  the  transition 
to  ductile  fracture  (microvoid  coalescence,  dimpled  rupture)  was  distinct.  Scanning  microscope  fractographs 
are  shown  in  Figure  14  of  a  dynamically  loaded  specimen  compared  to  that  of  a  similar  static  test.  Both 
specimens  were  of  the  same  HY-130  steel  plate,  with  20%  side  grooves,  and  an  initial  a/W  of  0.65.  Similar 
fracture  processes  are  apparent  in  both  specimens.  Dimples  of  two  distinct  sizes  were  present  on  the  fracture 
surface  with  the  smaller  2 -pm  size  covering  the  large  majority  of  the  surface  area.  Large  elongated  dimples 
occurred  occasionally  in  the  range  of  10  x  50  fim  oriented  with  the  long  axis  in  the  direction  of  crack 
extension.  The  fracture  surfaces  resulting  from  both  loading  rates  were  typical  of  those  found  in  static  tests  of 
ductile  structural  steels  (i.e.,  without  features  which  might  suggest  that  the  more  rapidly  loaded  specimens 
demonstrated  a  significantly  higher  toughness). 


CONCLUSIONS 

The  major  result  of  this  work  has  been  to  demonstrate  that  JrR  curves  and  J/c  values  can  be  obtained 
from  compact  specimens  of  a  structural  steel  loaded  at  rates  five  orders  of  magnitude  higher  than  that  used  in 
static  tests.  JrR  curves  were  developed  here  for  compact  specimens  of  varying  crack  length  loaded 
dynamically  at  load-line  displacement  rates  of  9  ips.  These  }rR  curves  were  developed  using  a  key  curve 
methodology  introduced  by  Ernst,  et  al,12  and  applied  by  Joyce  to  static  tests  of  HY-130  steel13  and  A533B 
steel. 18 

The  Jf-R  curves  derived  from  the  dynamically  loaded  tests  were  elevated  with  respect  to  the  static 
results,  with  both  he  and  tearing  modulus  values  being  increased.  The  accuracy  of  the  dynamic  J;-R  curves 
obtained  using  the  key  curve  method  was  verified  in  that  the  method  accurately  estimates  the  magnitude  of 
final  crack  extension  to  0.20  in.  (5.08  mm).  The  fracture  surfaces  of  the  static  and  dynamically  loaded  HY-130 
were  similar  in  appearance.  On  the  macroscopic  scale,  both  showed  similar  shear  lip  development  and  crack 


12 


tunneling.  For  the  temperature  and  loading  rates  used  in  this  study,  the  fracture  surfaces  on  a  microscopic 
scale  were  completely  ductile. 


ACKNOWLEDGMENT 


The  authors  are  indebted  to  Mr.  J.  P.  Gudas,  Head  of  the  Fatigue  and  Fracture  Branch  of  this  Center, 
for  his  support,  guidance,  and  assistance  in  this  research  effort. 


I 

I 

I 

I 

I 

I 

I 

I 

J 

I 

i 

I 

I 

I 

I 

< 

I 


CRACK  EXTENSION  (in.  I 


•  UNLOADING  COMPLIANCE.  (71* 

MERKLE-CORTEN  CORRECTION.  (17) 

O  UNLOADING  COMPLIANCE.  (19) 
ERNST  CORRECTION,  (16) 

-—KEY  CURVE  ANALYSIS.  (141 


CRACK  EXTENSION  (in.) 


.£ 


i 


2000 

- i  1  \  1  w  ~1 - 1 - f - 

L 

1760 

■ 

■  „  q- 

1600 

■  o>" 

1260 

L  ■  rr^"' 

m  P 

1000 

750 

& 

600. 

r 

b  FKS  T18 

260 

l/W-0.8 

0%  FACE  GROOVE 

°  ■  i _ i__J - 1 - 1 - L__J — — 

IS  ■  I _ I  ■  ' _ I - 1 - 1 _ — l 

0  0.01  O.OS  0.03  0.04  0.06  0.06  0.07  0.08  0.08 


CRACK  EXTENSION  (In.) 


■  UNLOADING  COMPLIANCE.  (7) 

MERKLE-CORTEN  CORRECTION.  (17) 

□  UNLOADING  COMPLIANCE.  (19) 

ERNST  CORRECTION,  (16) 

- KEY  CURVE  ANALYSIS.  (14) 

•numbers  correspond  to  references 


Figure  2  —  HY  130  ]]-R  Curves  Developed  by  Key  Curve  Analysis  and 
Unloading  Compliance  Under  Static  Loading  Conditions 
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Figure  3  —  Modilied  1 -Inch-Thick  (25.4-mm)  Compact  Test  Specimen 
for  J-Integral  Testing 


NOTE:  DIMENSIONS  ARE  IN  INCHES.  _ 


Figure  4  —  Modified  ‘/j -Inch-Thick  (12.7-mm)  Compact  Test  Specimen  for  J-Integral  Testing 
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Figure  5  —  Schematic  of  Compact  Specimen  Dynamic  Test  Arrangement 
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Figure  7  —  Load-Displacement  Curves  for  1 -Inch-Thick  (25.4-mm)  Compact  Test  Specimens  of 
HY-130  Steel  Tested  Under  Dynamic  Loading  Conditions 


CRACK  EXTENSION  (in.) 


Figure  8  —  J  Integral  R-Curve  for  1 -Inch-Thick  (25.4-mm)  Compact  Test  Specimens  of 
HY-130  Steel  Tested  Under  Dynamic  Loading  Conditions 

20 


CRACK  EXTENSION  (in.) 


Figure  9  —  J-Integral  R-Curves  for  1 -Inch-Thick  (25.4-mm)  Compact  Test  Specimens  of 
HY-130  Steel  Tested  Under  Static  and  Dynamic  Loading  Conditions 
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Figure  10  —  Load-Line  Crack-Opening  Displacement  Rate  Versus  Crack-Opening  Displacement  for  a  Typical 
1 -Inch -Thick  (25.4-mm)  Compact  Test  Specimen  of  HY-130  Steel  Tested  Under  Dynamic  Loading  Conditions 
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HY-130  1TCT  SPECIMEN  FKS  525 


Figure  1 1  —  dj/dt  Versus  Crack -Opening  Displacement  for  a  Typical  1-Inch-Thick  (25.4-mm)  Compact  Test 
Specimen  of  HY-130  Steel  Tested  Under  Dynamic  Loading  Conditions 


Figure  12  —  dj/dt  Versus  Elapsed  Time  lor  a  Typical  1  -inch-Thick  (25.4-mm)  Compact  Test  Specimen  of 
HY-130  Steel  Tested  Under  Dynamic  Loading  Conditions 
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